Silica coated, PEI and citric acid hybrid superparamagnetic magnetite nanocrystal clusters (SMNC) were synthesized using either a mini-emulsion/sol-gel method or a polyol technique. After careful characterization of the size, structure, composition, and magnetic properties, the as-synthesized SMNC were used for cell labeling while the MR detection sensitivity of cells labeled with silica SMNC was performed with a 3 T whole body MR scanner. TEM investigations revealed that the sizes of the SMNC were about 200 nm and the SMNC mainly consisted of magnetite nanoparticles imbedded in a PEI, citric acid or polystyrene scaffold. Silica and citric acid SMNC were highly negatively charged and PEI SMNC were positively charged. Relaxometry measurements revealed that these SMNC possessed a very high MR sensitivity (silica SMNC: r 2 = 299 s −1 mM −1 , PEI SMNC: r 2 = 124 s −1 mM −1 ), especially for the citric acid SMNC (r 2 = 360 s −1 mM −1 ). Furthermore, when used for cell (RAW264.7 cells) labeling, the SMNC had no adverse effect on cell viability, and the cell uptake of the SMNC show a dose-and time-dependent feature. MR imaging of cells labeled with silica SMNC indicated that cells with a concentration as low as 10 × 10 3 cells ml −1 could be detected with a 3 T MRI scanner. Our study demonstrated that superparamagnetic magnetite nanocrystal clusters are a sensitive tool for cell imaging.
Introduction
Due to its high spatial resolution capacities and excellent soft tissue contrast compared with other non-invasive molecular imaging modalities, such as positron emission tomography (PET), optical imaging and ultrasound imaging, MRI is well suited for cell-tracking applications [1] . In the context of labeling cells with a magnetic tag, superparamagnetic iron oxide (SPIO) nanoparticles coated with dextran or 4 Authors to whom any correspondence should be addressed. its derivatives, were frequently used for this purpose [2] . However, the cell accumulation of these particles is usually low for non-phagocytic cells, culminating in a low MR detection sensitivity. To enhance the cell labeling efficiency, antibodies [3, 4] or HIV-Tat peptide [5, 6] had been immobilized on the particles. By receptor-mediated uptake initiated by the antibody or transmembrane effect of the peptide, the cell uptake was significantly increased. A more general method for cell labeling using dextran (or its derivatives) coated SPIO was proposed by combining the particle with transfection agents (TA), such as, poly-L-lysine (PLL), PLUS with lipofectamine (P/LFA), superfect (SF), dendrimers and polyfect (PF). The composites were readily internalized by stem cells [7] , normal cells [8, 9] and cancer cells [8] , however, the number of particles, the concentration of the TA and the incubation time for cell labeling should be balanced to avoid possible damage to the cells.
In addition to increasing the cell labeling efficiency, an alternative way to enhance the detection sensitivity is to increase the relaxivity of the SPIO used for cell labeling. Labeled with highly sensitive, macro-sized iron oxide particle, a single cell was able to be detected in vitro and in vivo [10] . However, due to the superparamagneticferromagnetic transition (at a domain size ca. of 30 nm for Fe 3 O 4 ), the macro-sized particles are not superparamagnetic and easily aggregate in solution. In this context, different strategies for fabrication of superparamagnetic magnetic nanoclusters have been put forward in recent years [11] [12] [13] [14] . In order to increase the MR sensitivity, while keeping the superparamagnetic characteristics, by using polyelectrolyteneutral block copolymers and electrostatic adsorption and charge compensation between oppositely charged species, Berret et al [15] fabricated maghemite nanoclusters and tuned the size of aggregates in the range of 70-150 nm with aggregation numbers (number of nanoparticles per aggregate) from tens to hundreds. It was found that the transverse relaxivity, r 2 , noticeably increased with the size of the magnetic clusters. Ai et al had also obtained a similar result for magnetic nanoparticles encapsulated into the hydrophobic cores of 20-100 nm polymeric micelles [16] . These studies indicated that clustering magnetic nanoparticles resulted in an enhanced transverse relaxivity.
For surface coating of iron oxide nanoparticles, silica, citric acid and polyethyleneimine (PEI) are among the frequently used materials. Silica, citric acid and PEI coated SPIO have been used for cell labeling, MR imaging and gene delivery [17] [18] [19] [20] [21] . However, using silica, citric acid and PEI to fabricate condensed superparamagnetic magnetite nanocrystal clusters (SMNC) with a high MR sensitivity for cell imaging has not yet been reported.
Therefore, in the present study, we synthesized silica coated, citric acid or PEI hybridized superparamagnetic magnetite nanocrystal clusters (SMNC) with sizes of about 200 nm. Among them, citric acid SMNC demonstrated the highest MR sensitivity (r 2 : 360 s −1 mM −1 ). That for silica and PEI SMNC was 299 s −1 mM −1 and 124 s −1 mM −1 , respectively. For cell labeling, however, silica and PEI SMNC were internalized at the highest efficiency. In particular, for silica SMNC, a small number of labeled cells were easily detected with 3 T MRI scanner.
Experimental procedures

Materials
Ferric chloride hydrate, ferrous chloride hydrate, ammonium hydroxide, octane, sodium dodecyl sulfate, styrene, potassium peroxydisulfate, polyoxyethylene (20) preparation of the oleic acid coated SPIO, clustering the single particle with polystyrene by a mini-emulsion method and coating the cluster with silica by a sol gel method. For the detailed synthesis procedure refer to Xu et al [22] .
For synthesis of citric acid hybridized SMNC, FeCl 3 ·6 H 2 O (1 g, 3.7 mmol) was dissolved in ethylene glycol (30 ml), followed by the addition of anhydrous trisodium citrate (0.1 g, 0.34 mmol) and urea (2 g, 33 mmol). The mixture was ultrasonicated for 30 min, and then sealed in a Teflon lined stainless-steel autoclave (50 ml capacity). The autoclave was heated at 200
• C for 6 h, and then allowed to cool down to ambient temperature. The black products were washed with ethanol and deionized water to eliminate organic and inorganic impurities and dried under vacuum at 60
• C for 6 h. The method for synthesis of PEI hybridized SMNC was similar to that of citric acid hybridized SMNC with PEI instead of citric acid.
Characterizations of the SMNC.
Transmission electron microscopy (TEM). The morphology, size, and size distribution of the nanospheres were characterized by TEM (JEOL 2100F, Japan). The SMNC suspension was directly deposited onto a carbon coated copper grid and air-dried at room temperature. The particle size and size distribution were calculated using an image analysis program by measuring the diameter of at least 300 particles. X-ray diffraction (XRD). XRD measurement was carried out on a Rigaku D/max-2400 type auto x-ray diffractometer (Rigaku, Japan) at 40 kV with Cu/Kα radiation (λ = 0.1542 nm) to determine the crystal structure of the SMNC. FTIR spectrometry. FTIR experiments were performed on an EQUINOX 55 (Bruker, Germany) FTIR instrument. All samples were ground and mixed with KBr and then pressed to form pellets. Spectra were recorded in the wave number interval between 4000 and 400 nm −1 . The background spectrum was subtracted from the sample spectrum. Each spectrum was acquired thrice, and an average of the three measurements was taken and analyzed. Magnetic properties of SMNC. The magnetic properties of the SMNC were investigated by using a vibrating sample magnetometer (VSM, LakeShore7300, USA). The magnetization (M, emu g −1 ) of the samples was measured as a function of the magnetic field (H , Oe) at 300 K. Surface charge. The surface charge of SMNC was determined with respect to the zeta potential by using a Zeta2000
Potential Analyzer (Malvern, UK). The zeta potentials of different samples in water were measured as a function of pH ranging from 2.9 to 10.0. The pH values were adjusted with hydrochloric acid or sodium hydroxide solution. Each measurement was done in triplicate. Relaxometry of SMNC. Nuclear MR relaxometry of SMNC was performed using a 1.5 T minispec mq60 NMR Analyzer (Bruker, Germany). The SMNC were suspended in 0.3 wt% agarose gel at concentrations between 0.001 and 10 mM Fe. For MR measurements, 0.3 ml SMNC dilutions were filled into the test tubes and T 2 relaxation times were measured using a standard Carr-Purcell-Meiboom-Gill pulse sequence. The T 2 relaxivities were determined by a linear fit of the inverse relaxation times as a function of the iron concentrations.
Thermogravimetric analysis (TGA). TGA was carried out with a NETZSCH TG 209 F1 iris instrument (NETZSCH, Germany) from room temperature to 900
• C with a heating rate of 10
• C min −1 in a nitrogen flow (20 ml min −1 ). The weight fraction (wt%) of iron oxide nanoparticles in the clusters was used to calculate its volume fraction with the following equation [23] :
where ρ IO , f mIO and f vIO are the density, weight fraction and volume fraction of component iron oxide nanoparticles, respectively. ρ O is the average density of organic component in the nanocluster. The volume fraction of component iron oxide nanoparticle was defined as the ratio of the volume of iron oxide particles to the total volume of the cluster. Hydrodynamic size and stability of SMNC. The hydrodynamic diameter of the clusters was measured by dynamic light scattering (DLS) using a Malvern Autosizer 4700/PCS100 spectrometer equipped with an Ar ion laser operating at 488 nm. The stability of the cluster in water or a cell culture medium (DMEM, supplemented with 10% fetal bovine serum) was evaluated by monitoring the hydrodynamic size change in different periods of time. Triple measurements were performed and the number weighted mean size was taken.
Cell labeling
2.3.1. Cell labeling. RAW 264.7 cells (mouse leukemic monocyte macrophage cell line, Shanghai Institute for Biological Sciences, Chinese Academy of Sciences) were maintained with a DMEM culture medium supplemented with 10% FBS, 100 IU ml −1 penicillin and 100 μg ml
streptomycin under 5% CO 2 atmosphere at 37
• C. For cell labeling, cells were incubated with a culture medium containing silica, citric acid or PEI SMNC at iron concentrations of 0.03, 0.3 or 1 mM for 1 h, or at an iron concentration of 0.3 mM for different periods of time (30 min, 1 and 3 h). After incubation, the culture medium was removed. The adhesion cells were washed thrice with phosphatebuffered saline (PBS) and harvested by trypsinization. The cells were centrifuged and redispersed into the culture medium. The cell number was counted using a Neubauer counting chamber.
Relaxometry of cells. For relaxometry of labeled cells, cells (1 × 10
6 ) were suspended into 300 μl, 0.3 wt% agarose gel in the test tube. T 2 relaxation times of cells were measured using a 1.5 T minispec mq60 NMR Analyzer (Bruker, Germany) with a standard Carr-Purcell-MeiboomGill pulse sequence. The T 2 values were converted to the relaxation rates R 2 (R 2 = 1/T 2 ), which were related to the actual concentrations of iron or to the cell concentration.
Determination of the intracellular iron content.
The iron content in cells was determined using an inductively coupled plasma optical emission spectrometer (ICP-OES, ICAP-6300, Thermo Fisher, USA). Cells were digested with aqua regia, and then diluted to 10 ml. The iron content was expressed in picogram (pg) of Fe per cell.
MR imaging of cells labeled with silica SMNC.
In this experiment, the MRI detection sensitivity of silica SMNC labeled cells was investigated. For this purpose, cells were labeled with silica SMNC at the iron concentration of 0.3 mM for 1 h and the harvested cells were homogeneously suspended in 0.3 wt% agarose gel in the plastic tube at the different cell concentrations (10 × 10 3 , 100 × 10 3 , 200 × 10 3 , 400 × 10 3 , 1 × 10 6 cells ml −1 ). MR imaging was performed on a 3 T whole body MRI scanner (Signa EXITE, GE Healthcare) with a HRBRAIN head coil using the T 2 -weighted fast spin-echo sequence (TR = 500 ms, TE = 7.9-63.2 ms, 8 echo, FOV = 80 mm, matrix = 128 × 128, slice thickness = 2.5 mm, flip angle 90
• ).
2.3.5.
Prussian blue staining of labeled cells. For Prussian blue staining, cells were plated on cover slides. After incubation with SMNC, cells were washed thrice with PBS (0.1 M, pH 7.4) and subsequently fixed with cold methanol (−20
• C) for 5 min and acetone (−20 • C) for 1 min successively. The staining was carried out by incubating the fixed cells with 10 wt% Prussian blue (K 4 Fe(CN) 6 ·3H 2 O) for 5 min and the mixture of 10 wt% Prussian blue and 20% HCl (1:1) for 30 min in sequence. After washing with water twice, the cells were counterstained with nuclear fast red.
Viability of labeled cells.
The toxicity of different SMNC on the cell was analyzed by Trypan blue staining (Trypan Blue Staining Cell Viability Assay Kit, Beyotime Institute of Biotechnology, China) and CCK-8 assay (CCK-8 assay kit, Beyotime Institute of Biotechnology, China) according to the manufacturer's procedure. For this purpose, the cells were incubated for 6 and 24 h with SMNC at iron concentrations of 0.03, 0.3, and 1 mM. Trypan blue positive cells were determined using a Neubauer counting chamber. The CCK-8 assay was performed with cells grown in a 96-well plate following the protocol given by the manufacturer, and the absorbance at 450 nm was recorded using a Wallace 1420 multilabel counter VICTOR3 (PerkinElmer, USA). 
Results
Characterizations of silica, citric acid and PEI SMNC
We prepared silica coated, citric acid and PEI hybridized SMNC using either a mini-emulsion/sol-gel method or a polyol technique.
For both methods, the size of the nanoclusters was tunable (from 90 to 500 nm, our unpublished data). For silica SMNC, TEM images revealed that the average size of the clusters was 202.14 nm ( figure 1(a) ) and the elementary magnetic particles prepared by the coprecipitation method were about 10 nm. The sizes of citric acid and PEI SMNC were 199.55 nm and 201.32 nm, respectively (figures 1(d) and (g)). The size distributions of the clusters are also shown in figure 1 ((c): silica SMNC, (f): citric acid SMNC, (i): PEI SMNC). The inner structures of the nanoclusters were able to be demonstrated by high magnification TEM images (figures 1(b) , (e), (h)). For silica SMNC, the silica coating layer was very thin and the primary iron oxide nanoparticles were imbedded into the polystyrene scaffold homogeneously. Due to the reduced contrast induced by silica coating, the individual component particles were not visible in the TEM image of the clusters. For citric acid and PEI SMNC, the clusters were composed of small nanoparticles with sizes of about 10 nm (by TEM). The elementary particles could be distinguished on the surface of the clusters and compacted into clusters tightly. XRD patterns of (a) PEI, (b) silica, and (c) citric acid SMNC ( figure 2(A) ) showed the characteristic peaks of Fe 3 O 4 , which indicated the main component of these SMNC was magnetite. Calculated with the Debye-Scherrer formula for the strongest peak (311), the sizes of elementary particles were 9.74, 11.51 and 10.02 nm for PEI, silica and citric acid SMNC, respectively.
To confirm if the SMNC were superparamagnetic, the susceptibility of the nanoclusters as the function of applied magnetic field was evaluated. It was found that the shapes of the hysteresis curve for these samples were normal and tight with no hysteresis losses ( figure 2(B) ), as was the expected behavior for a superparamagnet [24] . The saturation magnetizations of silica, citric acid, and PEI SMNC were 51 emu g −1 , 53 emu g −1 , and 70 emu g −1 , respectively. To investigate the surface coating conditions of the nanoclusters, the FTIR spectra (figure 3) were recorded. In the FTIR spectrum of PEI SMNC, 2900 cm −1 (the stretching vibration of C-H groups), 1442 cm −1 (the bending vibration of C-H groups), 3380 cm −1 (the vibration of N-H group) could be clearly detected, which suggested the presence of PEI on the surface of SMNC. The FTIR spectrum of silica SMNC showed characteristic peaks occurring at 1095 and 3320 cm −1 corresponding to the absorption of a rocking motion of oxygen perpendicular to the Si-O-Si plane and Hbonded Si-OH stretch vibrations [25] . However, for the citric acid SMNC, the characteristic absorption of carboxylic group was not observed in the spectra due to its coordination with iron during formation of the citric acid SMNC. The absorptions at 1600 and 1390 cm −1 were assigned to those of vibrations of carboxylate groups [26] .
The surface charge was determined by zeta (ζ ) potential analysis ( figure 4(a) ). The isoelectric point (IEP) is the pH at which the particles in suspension have a net charge of zero and no mobility in the electric field. The ζ -potential measured at different pH values revealed that the IEP of silica SMNCs was about 3.1, which was similar to silica coated single SPIO [21] . Those for citric acid and PEI SMNCs were 3.8, and 8.6, respectively. IEP values indicated that silica SMNC and citric acid SMNC were highly negatively charged and PEI SMNC was positively charged. The ζ -potential values for silica SMNC, citric acid SMNC and PEI SMNC at pH 7.4 were −30.5 mV, −35.2 mV and +18.6 mV, respectively.
Of these three SMNC, citric acid SMNC showed the highest MR sensitivity (relaxivity: r 2 = 360 s −1 mM −1 ). That for silica SMNC and PEI SMNC was 299 and 124 s −1 mM −1
( figure 4(b) ). For the SMNC samples, TGA curves showed that the first step of thermal decomposition was around 100
• C and the major decomposition occurred in the temperature range at 200-350
• C for citric acid SMNC and 200-700
• C for silica SMNC and PEI SMNC. Less weight loss occurred at temperatures above 700
• C ( figure 4(c) ). The initial weight loss from the SMNCs was due to removal of surface adsorbed water (citric acid SMNC: 2.83%, silica SMNC: 4.04% and PEI SMN: 2.31%) [27] . The weight loss between 200 and 700
• C was attributed to the thermal degradation of organic components in the magnetite clusters. Thus, the weight loss of citric acid, PEI and polystyrene in the clusters were 4.40%, 11.43% and 9.72%, respectively. The contents for residues were 92.77% (citric acid SMNS), 86.24% (silica SMNS) and 86.29% (PEI SMNS), Accordingly, the volume fractions ( f vIO ) of iron oxide nanoparticles in the cluster calculated (excluding the absorption water) were 85.74% for citric acid SMNS, 63.30% for silica SMNS (neglecting the mass of silica in the calculation due to the thin coating layer) and 59.47% for PEI SMNS.
The hydrodynamic sizes of citric acid SMNS, silica SMNS and PEI SMNS were 252 nm (PDI = 0.083), 217 nm (PDI = 0.051) and 277 nm (PDI = 0.071), respectively, in water, which were larger than those measured from TEM ( figure 4(e) ). However, after suspension in the cell culture medium, the hydrodynamic sizes increased dramatically (335 nm for citric acid SMNS, 255 nm for silica SMNS and 424 nm for PEI SMNS), which was maybe due to the charged surface of the SMNC absorbing protein in the cell culture medium [28] . For citric acid and silica SMNC, both in water and the cell culture medium, the hydrodynamic sizes did not change significantly during a three-day measurement. PEI SMNC was also quite stable in water over short incubation times (less than 3 h), however, for longer incubation times, the hydrodynamic size increased gradually ( figure 4(d) ). The same tendency was also observed for PEI SMNC suspended in the cell culture medium.
Cell labeling
Before being used for cell labeling, the effect of SMNC on cell viability was firstly evaluated by Trypan blue staining and CCK-8 assay. For both methods, compared with the unlabeled control cell, no significant difference in cell viability was observed for the labeled cells in the range of iron concentrations (0.03, 0.3, and 1 mM) with the 6 h incubation used in this study. Similar observations occurred with longer incubation times (24 h).
Intracellular iron was visualized by Prussian blue staining. Prussian blue staining of magnetically tagged RAW264.7 cells demonstrated the cell uptake of the SMNC was dose-and time-dependent. The ingested clusters (blue granules) were presented in cytoplasm and distributed peri-nucleus (reddish, counterstained with nuclear fast red) (figures 5 and 6).
Quantitative analysis of intracellular iron by ICP-OES indicated cell uptake of these three kinds of clusters was indeed dose-and time-dependent (figures 7(a) and (b)). Cell uptake was 0.44 ± 0.17 pg/cell, 0.73 ± 0.01 pg/cell, and 0.52 ± 0.11 pg/cell, respectively, after incubation with citric acid, PEI and silica SMNC for 1 h at an iron concentration of 0.03 mM. That increased to 1.51 ± 0.01 pg/cell, 4.66 ± 1.00 pg/cell, and 5.07 ± 1.57 pg/cell after cell incubation at an iron concentration of 0.3 mM, which was further increased after the cells were incubated at still higher iron concentration (1 mM, 7.01 ± 0.36 pg/cell for citric acid SMNC, 11.08 ± 0.62 pg/cell for PEI SMNC and 12.38 ± 2.77 pg/cell for silica SMNC). Also, the cell uptake of citric acid, PEI and silica SMNC was 1.65 ± 0.52 pg/cell, 2.89 ± 0.16 pg/cell and 2.50 ± 0.37 pg/cell after incubating the cells at an iron concentration of 0.3 mM for 30 min, which increased to 4.38±0.70, 6.86±0.13 and 7.89±0.05 pg/cell after incubation for 3 h at the same iron concentration.
Consistent with ICP-OES measurements, the relaxation rates of cells (1 × 10 6 ) labeled with citric acid, PEI and silica SMNC increased with both the incubation period and iron concentration in the culture medium (figures 7(c) and (d)).
For MR imaging, by visual inspection, the signal intensity of T 2 -weighted MR images of cells was marginally decreased when the concentration of magnetically tagged cells was 10 × 
Discussion
SMNC possesses a higher magnetic moment than single magnetic nanoparticles according to Langevin's law, which leads to the more efficient relaxation of water protons, thus a higher T 2 relaxivity [29] . In this study, silica coated, citric acid and PEI hybridized SMNC with similar sizes were prepared and these SMNC demonstrated very high MR sensitivity (silica SMNC: r 2 = 299 s −1 mM −1 , PEI SMNC: r 2 = 124 s −1 mM −1 ), especially for citric acid SMNC (r 2 = 360 s −1 mM −1 ). When used for cell labeling, the SMNC did not show any adverse effect on cell viability and the cell uptake of the SMNC showed dose-and timedependent features. Furthermore, MR imaging indicated that even low concentrations of silica SMNC labeled cells (10 × 10 3 cells ml −1 ) could be detected. Our study demonstrates that SMNC are a sensitive agent for MR cell imaging.
A high detection sensitivity is essential for MR cellular imaging. To achieve high sensitivity, many measures can be taken, such as the use of a higher magnetic field scanner, a better RF coil, and gradient echo sequences with longer TE. An alternative way to improve the detection sensitivity is to improve the MR sensitivity of the magnetic tag used for cell labeling. Using a high sensitivity of magnetic particles, even a single cell could be detected in vivo [10] . However, the sensitivity of magnetic particles was found to be strongly dependent on the particle size. By means of numerical computations in the framework of a partial refocusing model, it was found that the T 2 relaxation rate increased with an increase of particle size and reached its maximum for a certain particle size. Above this size, it would plateau [30] . According to Yablonskiy and Haacke, this critical size (diameter) should be larger than 200 nm [31] . For a magnetic cluster induced by aggregation of single particles, deduced from the static dephasing regime [29] , this size should fall approximately into the range between 66 and 263 nm. An experimental study by inducing aggregation of AMI25 USPIO (Advanced Magnetics, Cambridge, MA, USA) indicated that the sizes corresponding to the maximum T 2 relaxation rate was in the range 200-250 nm [29] . In our study, silica, citric acid or PEI SMNC with a size around 200 nm do show high MR sensitivity, however, these MR relaxivities differ significantly, with the highest for citric acid SMNC (r 2 = 360 s −1 mM −1 ) and the lowest for PEI SMNC (r 2 = 124 s −1 mM −1 ), even given the similar preparation procedures were used. Different from inducing from a single SPIO, the magnetite nanoclusters fabricated in this study consist of primary iron oxide nanoparticles imbedded in a polymer scaffold. In such formulations, it was found the volume fraction of the component iron oxide nanoparticles ( f vIO ) in the cluster, not the cluster size, plays an important role in determining the relaxivity of the SMNC. Among the SMNCs prepared, PEI SMNC with the lowest f vIO (59.47%) has the lowest MR relaxivity (r 2 = 124 s ). This could be explained by the reason that in addition to the effect of the iron oxide nanoparticle volume fraction in the cluster, other factors, such as the size, distance between elementary particles in the cluster, and magnetic moment of elementary particles, may also affect the relaxivity [32] .
It is known that the cell plasma membrane possesses large negatively charged domains, which are supposed to attract cationic particles and repel anionic ones. However, the influence of the surface charge of a particle on cell uptake is controversial. It was found that anionic nanoparticles also showed a high affinity for the cell membrane and captured by cells with high efficiency [33] . In our case, silica SMNC possesses the most negative charge and PEI SMNC possesses the most positive charge. The cell uptake of these two types of clusters is more than that of citric acid SMNC. Although the cell ingestion of silica SMNC is a little more than that of PEI SMNC when cells were labeled at higher iron concentrations (0.3 mM, 1 mM) or for a longer time (1 and 3 h), the uptake is not significantly different.
PEI is a highly polycationic synthetic polymer and had been demonstrated as an efficient gene delivery vehicle both in vitro and in vivo [34] . However, increasing data show PEI has a great deal of toxicity on the cellular level [35] . Our cell viability tests indicated that even incubated for the longest time (24 h) at the highest iron concentration (1 mM), cell death induced by PEI SMNC had not occurred to any significant extent. The possible reason is that during the synthesis of SMNC, with the formation of the magnetite nanocrystals, the amino groups in PEI covalently bond with the surface iron, thus partially neutralizing the charges of the SMNC and reducing the cytotoxic level. This is manifested by the less positive charge of PEI SMNC (IEP = 8.6), which is similar to amino silane coated USPIO [21] .
Summary
In summary, silica coated, citric acid and PEI hybridized SMNC with similar sizes (200 nm) were fabricated in the present study. These magnetic nanoclusters showed very high T 2 relaxivity. More importantly, as-prepared magnetic nanoclusters were biocompatible, and no cytotoxic effects were observed under our experimental conditions. When the SMNC were used for cell labeling, cell ingestion of the clusters demonstrated dose-and time-dependent features. Moreover, cells labeled with silica SMNC demonstrated a high MR sensitivity. Even a cell concentration as low as 10 × 10 3 cells ml −1 could be detected with a 3 T MRI scanner. Our results suggest that SMNC are a promising tool for MR cell imaging.
